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Run Card /7//,0626 *0?4

Read a run card with, for example, the FARTRAN statements
READ (x,1) (A(J),J=1,22)
1 F@RMAT (A1,31,D10.3,1X,17,13,312,3X,13,15,513,A5,213,214,212)
igﬁoring for the moment that we have mixed our variable modes.
Then the variables A will contain the following information:

A(L) . =%

A(2) =/11 (3-digit observatory code)
A(3) Julian date of beginning of run
A(4)’ Clock epoch error, sec x 106

A(5) Ambient temperature, °C

A(6) Ambient relative humidity, % saturation/
A(7) Wind speed, km/hr )

A(8) Atmospheric seeing, arc sec x 10
A(9) laser energy, joules x 10

A(l0) laser frequency, Hg x 10l0

A(ll) pulse length, sec x 1010

A(12) observational resolution, sec x 1010
A(13) photomultiplier dark count, kHs
A(14)  Moon count rate, kHs (Gross)

A(l5) Star count rate, kHs (Net)

A(l6) Calibration star identification
A(l7) Filter spectral width, A° x 10
A(18) Filter spatial width, arc sec x 10
A(18) Number of shots fired this run
A(20) Year

A(21) Month-

A(22) Day- -

The sense of the clock error is that it is to be subtracted from
the .elock time to give the true UTC time. This correction has
not been applied to the observation epochs on the shot cards.
Shot Card
Similarly, again ignoring variable mode questions for the sake of
illustration, read a shot card with
READ (X,2) (B(J),Jd=1,17) .

2 FORMAT (AL, 13,D17.10,15,1X,11,A1,I1,D12. 10,15, 16,15, 3X, I5, I1,
15,14,212)




Then the variables B will contain the following information:

B (1) =p

B(2) - =011 (body identifier)
B(3) Julian date of observation
B(4) =71110 (observatory code)

B (5) =0 (reflector code for Tranquility)
B(6) =], (observation type)

B(7) w]l (epoch time hase ia UIC)

B(8) Observed time delay, seconds

B(9) Observational uncertainty, seconds x 1010
B(10) Electronic calibration delay,_ seconds x 1010
" B(1l) Geometric delay, seconds x 1010

B(12)  Clock frequency offset from UIC, parts in 10
B(13) =1 (time delay time base is UIC)

B(l4) Ambient pressure, mbar x 10

10

B(15) Year
B(1l6) Month
B(17) Day

The éleetronic and geometric delayslrefer to the equipment response
times and the reduction to the geometric fixed point, reﬁpectively,
and are to be subtracted from the observed time delay.

A word of warning is in order to the unwary users. During
the report interval, many of the specified data items discussed
above are not available. In the card images, a blank field is a
* "no informat?on" jndicator. Actual null values will be represented
by zero punches. This is particularly  important for clock epoch
error. No clock data are presently available, although Currie (1970)
estimates that the "actual epoch should béxﬁnown to the order of

10 psec or better."
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PROPOSED STANDARDS FOR DISTRIBUTION AND DOCUMENTATION OF
LUNAR LASER RANGING DATA

A Report prepared for COSPAR Working Group 1
by J. Derral Mulholland, University of Texas ut Austin, McDonald Observatory

1671 September

1. Prefatory Note

Laser ranging to the moon promises to provide the means for investigating a
number of lunar and terrestrial phenomena to a much higher precision than has
been heretofore possible. The interesting lunar problems can be pursued with data
from any one or more obscrvatories, although restriction to a single facility does
introduce the hazard of local bias in the solutions due to unrecognized systematic
errors in the observations. In contrast, very little can be accomplished in earth
physics studies using range data from a single observatory. It is imperative to the
effective use of these data that there exist a viable means for their distribution
or exchange in a sufficiently complete and readily usable form.

This problem was first addressed during COSPAR XIII, when the Chairman
of Working Group 1 dirccted that the present report be prepared. At the same
time, a Working Party on Lunar Laser Ranging was formed within the Working
Group. Subsequently, the Working Party was endorsed by both TAU and IUGG,
and the membership was enlarged to include their representatives.

In an unrelated sequence of events beginning in 1964, IAU Commission 4
established a Working Group on Ephemerides for Space Research. This body
served as the inspiration for an informal working group, founded in 1967, which
provided working-level communication and coordination in ephemeris research
within the USA. This latter group met on numerous occasions during 1967-1969.
In addition to providing for standard test cases for areas of desirable duplication
of effort, and direct exchange of data and software to reduce unnecessary duplication,
this informal group produced two results of some interest to the present discussion.
First, the transmission of data was facilitated by adoption by the participants of
standard 80-column punched card formats®. Second, the three US members of
the IAU Working Group were asked to carry back to that body certain recommen-
dations concerning international exchange of astrometric and ephemeral data. This
was at least a contributing factor in the establishment last year of the IAU Infor-
mation Bureau on Astronomical Ephemerides, to provide information on the existence
and availability of such data. COSPAR Working Group 1 will be represented in
the membership of the Bureau.

1 O'Handlev, D. A. "Card Format for Optical and Radar Planetary Data” Jet Propulsion
Laboratory Tech. Rpt. 32-1296. Pasadena, 1968.

47




it L AT T e

oy

>

This report is based on the premise that these two lines of development towards
international cooperation and exchange represent two convergent aspects of the
same problem, and must be treated as complementary.

The author is pleased to acknowledge the helpful suggestions of many of his
colleagues in the preparation of this report. This effort was funded by the National
Aeronautics and Space Administration, under Grant No. NGR 44-012-219.

2. Philosophy of the Proposed Standards

We desire to cstablish some minimum criteria for the permanent recording,
cataloguing, and transmission of the laser ranging data. This requires a somewhat
different, more comprehensive approach to data recording and preservation than
has frequently been the case in the past. The signal generation and detection
devices, combined with the level of precision attainable in the observations, dictate
that more parameters be preserved. It is also important to avoid crucial ambiguities.
For example, the observations are time delays. Does the time delay clock run at
the same rate as the clock that measures the epoch of observation? Both rates are
necessary for application of the data. By presenting standards for data documen-
tation, we do not propose to specify exactly what information is to be recorded,
nor in what way to do the recording, but rather to state minimum guidelines for
what data seem to be required to insure that the laser measures can be made to
satisfy their enormous potential.

In addition to the general documentation criteria, we propose some very specific
standards for the transmission of data between institutions or their deposition in
public data centers. The need for machine-readable formats seems self-evident.
Efficient use of machine-readable data from various sousces requires the establish-
ment of uniform standards insofar as this is possible. Since a similar exercise has
been undertaken for optical and radar observations, it seems unreasonable to pursue
the present goal ab initio. We propose, therefore, to maximize the compatibility
of our data transmission formats with those of O'Handley * It is to be hoped that
these formats will provide the basis for a more comprehensive codification by the
Information Bureau on Astronomical Ephemerides.

We have already implied that there should exist multiple classifications of data
standards, since complete archival documentation is not customarily necessary to
or desired by the user of astrometric data. It seems to be convenient to discriminate
three categories, to be described in detail in subsequent sections of this report. The
categories can be considered as approximating the functions of journal publication,
public deposition, and archive data, respectively, These represent three levels of
detail, corresponding to different purposes to which the data may be applied.

In their present form, these proposals are intended as first-order approximations.
evolved from experience within the laser program and from the discussions held
within Working Group 1 during the 14th Plenary Meeting. As further experience
is gained, some meodifications will surely follow.

o

2 op. cit
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3. Reduced Data Set

The “reduced data set” will consist of sufficient information to satisfy the
requirements of non-critical application, such data as one might publish in a
scientific journal. The items recommended for inclusion are:

Epoch of observation, and its meaning;
Observed time delay, modified by corrections for geometric and electronic
calibration delays and for the atmospheric refraction delay;
‘ System time delay resolution;
Telescope and reflector identification;
Time base identification for both epoch and time dela\

These data, which are certainly adequate for many purposes, are easily accom-
modated on a standard 80-column punched card. A proposed card format is
specified in Appendix C.

4, Astrometric Data Set
This category is of most critical interest from the standpoint of serious application
of the data, and it represents those data which we propose should constitute the
standard grouping for deposition in a public data center or publication comparable
to observatory annals. Here we must distinguish between data provided for each
observation and other data recorded at most once for each run, but which are
needed for high-confidence use of the data:
Each observation
Epoch of observation, and its meaning;
Observed time delay, unaffected by any corrections;
Observational uncertainty, with a description of its basis:
Gravimetric data (¥)
Telescope and reflector identification;
Time base identification for both epoch and time delay.
Each run
Clock calibration data:
L Electronic and geometric calibration delays to be subtracted from the obser-
vation;
Atmospheric data (temperature, pressure, humidity, seeing, wind speed);
Laser parameters (energy, pulse length, frequency};
Detector parameters (count rates, inherent resolution, range gate structure);
Number of shots per run.
Once
Station description;
: Nominal telescope coordinates;
4 Precise separations between transmitter and receiver, if appropriate;
Relation of primary mirror position to fixed reference point.

* The measurement of relative gravimetric data is considered desirable for those locations for
which a simple analytic model is not adequate to account for solid earth tides.
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A separation can be based on considerations. of application. Customarily, use
of the data to nanosecond accuracy requires only curtain of these data. A conventional
card format is proposed for these data in Appendix C. The other items permit
either finer-scale reduction of the observations or re-evaluation of confidence levels
and uncertainty estimates. A second machine-readable format is proposed for these
data. The principal virtue ¢laimed for these formars is that we propose immediately
to begin using them in transmmissions of lunar ranging data from the McDonald
Observatory.

3. System Data Set

Each of the data-taking organizations will wish to maintain its own archive files,
basically observatory logs, which will contain all of the information contained in
the “astrometric data set” for that observatory, but also such additional items as
might be useful in evaluating system performance. This might include such para-
meters as laser beam divergence, spatial and spectral filter width, filter/laser
wavelength matching, ete. This scems to be a purely local matter of little impact on
the astrometric use of the time delays, and thus this category does not lie within
the scope of the present report. One will note that the McDonald formats
{Appendix G} will include some of these items.

6. Distribution Mechanisms

Central to the entire purpose of this report is the precept that full utilization
of these astrometric data of unprecedented precision can only occur if the data are
made conveniently available outside the originating organization, indeed outside
the country of origin. It may be admitted that each observing group may wish
to restrict access to their own data for some specified time. It is further understood
that, particularly in the early stages of an observational program, the observational
identification problem (noise filtering) may not permit adherence to intended
distribution schedules. Nonetheless, it seems unambiguous and unarguable that
some mechanism for general and open distribution of the data need be endorsed
in principle and, insofar as possible, adhered to in practice.

COSPAR has provided for open repositories of space science data in the network
of World Data Centers, whose charter includes the handling of “precise positional
observations... of great scientific value.” There can be no question that the laser
observations satisfy this description. We propose that Working Group 1 urge the
WDC’s to accept the responsibility of serving as a focal point for the dissemination
of these data. We further propose that all lunar laser ranging facilities in countries
whose National Scientific Institutions adhere to COSPAR be urged to agree to
submit their observations, in the form of astrometric data sets, either to the WDC’s
directly or to national data centers that exercise free exchange with the WDC’s (e.g.
the US National Space Science Data Center). Each group should also be free
to make other distribution arrangements as well. including acces to reduced data
sets or system data sets as they see f{it.
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In addition to making explicit distribution arrangements, the olserving organi-
zations should be urged to register these arrangements with the TAU Information
Burcau on Astonomical Ephemerides, for the convenience of those scientists
unfamiliar with the COGSPAR organization. It is presumed that the COSPAR
representatives in the Information Bureau organization will provide coordination
between the function of the Burcau and the wishes of COSPAR Working Group 1.
Dr. Veis has also suggested that the COSPAR/IUGG Central Bureau for Satellite
Geodesy be kept informed of available data.

Appendix A
Notes on Selected Data Items

Epoch of obscreation

Systems may be designed with cither the transmission time or the reception time
as the epoch reference. In every case, the appropriate option must be explicitly
available. In addition, if reception time is used, this must be observed reception
time, rather than predicted.

Qbservational uncertainty

This parameter is somewhat subjective and, for a given ohservation, may be
revised cx post facto. Its minimun value is the shot-by-shot resolution, but may
be much higher if electronic or other operating problems exist in the observing
system,
Llectronic delay

Thie represents the time defay in the detection circuitry, which does not relate
to a distance,

Geometric delay

The cbservations will need to be reduced to a point in the light path fixed
relative to the telescope pier. The geometric calibration delay represents the total
light path from that point to the front face of the laser, plus the total light path
from the fixed point to the detector, For bistatic operation, a fixed point reference
is required separately for receiver and transmitter.

Nominal telescope coordinates

These should refer to the fixed point(s) described above. The nominal coordinates
should be (as nearly as practical) the best available estimate of the coordinates
relative to the Earth’s center of mass, along with a description of the method of
determination. Spherical coordinates are to be preferred to rectangular. Astrono-
mical coordinates (including radial distance) may be given if more appropriate
data are not available.
Primary mirror

Some telescope designs require the primary mirror to describe some space path
relative to a fixed point such as the intersection of the rotation axes. High-accuracy
discussion of observations from such telescopes will require that such motion be
taken into account.
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Appendix B
Proposed Standard Codes and Units

Epoch of observation
The standard unit is the Julian Date, with decimal fraction.

Observed time delay
The standard unit is the second.

Observational uncertainty
The standard unit is the nanosecond.

Electronic and geometric delays
The standard unit is the nanosecond.

Telescope identification

This will consist of three distinct codes: one for the observatory, one to indicate
whether the system uses a single telescope or separate transmitter and receiver,
and a third to identify distinct telescope locations in case different arrangements
have been used at a single site. The total code requires five digits.

For the basic observatory code, we propose adherence to the established three-
digit code used by the IAU Minor Planet Center. The center is willing to assign
codes to presently unlisted observatories in a fashion consistent with past practice.

The number of telescopes used could serve as a one-digit code by itself, but we
find it convenient from external considerations to propose that a one-digit code
distinguish two characteristics. The fourth digit of the observatory code specifies
either a single telescope (monostatic) operation or separate transmitter and receiver
(bistatic) operation, and it also specifies if the epoch refers to transmission or
reception time, according to the following table:

Monostatic Bistatic
Transmit 1 2
Receive 3 4

Finally, each observatory will be responsible for assigning a one-digit code (0-9),
the fifth digit of the observatory code, specifying distinct sites on the premises.
One may note that a changeover from monostatic to bistatic operations need not
affect this digit, as that change may be accommodated unambiguously by the
preceding digit code.

Reflector identification
A one-digit code should suffice for this parameter, with the digits assigned In
the order of emplacement, as follows
0 - Apollo 11 (Tranquility Base)
1 — Luna 17 (Imbrium)
2 - Apollo 14 (Fra Mauro)
3 — Apollo 15 {Hadley)

Other numbers will be assigned as new reflectors are activated.
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Time base identification

We assume that observation epoch will always be referred to a time base
available in real time, regardless of the nature of the observation. The system
UTO is included for the sake of generality, even though one does not expect it
to be used for laser observations. The time delay will always be based on an oscillator
frequency, but we must allow for the possibility of a non-standard frequency. The
proposed codes are
- UTO
- UTC
- Al (USNO)
AT (BIH)
—~ USSR atomic time
— non-standard frequency

e T A e ==
|

Clock calibration
The standard units are microscconds {epoch) and hertz (frequency)

Atmospheric data
The standard units are: for temperature, Celsius degrees
for pressure, millibars
for humidity, C¢ saturation
for seeing, arc seconds
for wind speed, km/hour
For the present purpose, no distinction need be made between 99 9¢ and 100 %
humidity.

Laser parameters
The standard units are joules (energy) and nanoseconds (pulse length) full width
between the half-power points.

Telescope coordinates
The standard units are: for radial distance, km
for longitude, degrees cast
for latitude, degrees north
for rectangular coordinates, km

Appendix C
Proposed Standard Punched Card Formats

Standard formats are presented below for the transmission of reduced and
astrometric laser data via 80-column punched cards, Some of the details of the
formatting were chosen for compatibility with present usage of other data familiar
to the author. This is particularly true of the placement and field size of certain
data, such as body identifier, epoch, and observatory code.
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Reduced data
Col.

43-47:

48-53:
54-55:
57-58:
59-62:
62-66:

67:
68-72:
73-80:

card

: = P (11-7 punch)
: = 011 (Body identificr
: Epoch of observation {Julian date with 10 decimal digit fraction,

decimal implied following col. 11}

: Observatory code

: Blank (not used)

: Reflector code

: == L (11-3 punch, ohservation rpet
: Epoch time base

31-42:

Two-way time delay (seconds, decimal finplied following col. 32,
10 decimal digit fraction)

Observational precision cstimate  /naneseconds, decimal implied
following col, 46}

Refraction delay removed frem observation

Blank {not used)

= .1 [identifies reduced daray

Blank (not used)

Frequency offset of time delay clock from nominal rate. If Col.
67 == 9, offset 1s from AT {parts in 10”)

Time delay time base

Blank (not used)

Year, month, day

Astrometric data card

Col.

1-47:
48-53:
34-58:
39-67:
68-72:
73-80:

Identical with reduced format
Electronic delay {nanoseconds. decimal implied following col.
Geometric delay {nanoseconds, decimal hmplied following col.
Identical with reduced format
Atmospheric pressure [mbars, decimal implied after col. 71}
Identical with reduced format

[STER ST
~1 2
—

Operational environment data card

Col.

: = Z (0-9 punch)
: Observatory code ({irst 3 di
: Julian date beginning run (truncated to 3 decimal digits, decimal

gits)
implied following col, 111

Blank (not used)

Clock epoch offset {psect to be added to clock reading

: Temperature {<C)

Humidity (%¢ saturation?
Wind speed (km/hr)

: Seeing (0.1 arc sec)
: Blank (not used)
: laser energy (0.1 joule}
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35-42:
4345
46-48:
49-51:
52-54:
53-57:
58-62:
63-63:
66-68:
69-72:
73-80:

lascr {requency (10" Hz)

pulse length (0.1 nanosec)
resolution (0.1 nanosec)
photomultiplier dark count (kHz)
Moon count rate (kHz)

Star count rate (kHz)
Calibration star identification
Filter spectral width (0.1 A}
Filter spatial width (0.1 arc sec)
Number of shots this run

Year, month, day

[S1]
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I. Introduction

Not only is the laser ranging experiment capable of rendering significant
improvements to 3z large number of fundamental physical constants and solar
system parameters, it is also possible to apply the data to study the Earth
itself. Héwever, in order' that lunar laser rénging data be used to its
fullest capacity it isgs necessary that it be made available to the scientifie
community in a standard, useable form with sufficient environmental and
Systemic deseription ineluded to assure proper reduction of that data. It is
unreasonable to assume that all observing stations will be identical in their
hardware and software configurations; further, it is impossible to assess and
reduce in real-time all relevent environmental and Systemic parameters during
routine observing, Thus it has been assumed that such observatory-unique
"raw" data be transmitted to a central agency in order to filter signal
photons from the noise, form normal points from logical sub-sets of signal
returns, and, perhaps most importantly, consolidate range, environmental, and
systemic information into.a standard form to be made available to the general

scientific community.

In August of 1980 the MeDonald Observatoery Lunar Laser Ranging Station
compieted eleven years of operations using the 2.7m reflector. During that
entire period of time LLR observations were obtained in a routine manner., The
University of Texas at Austin has been responsible for the routine filtering,
compression, and distribution of that data since mid-1971, Archival deposits
of those data have been made periodically into the National Space Science Data
Center (and the World Data Center) which is maintained at the NASA Goddard
Space Flight Center in Greenbelt, Maryland (USA). These Mcdonald observations
now comprise the bulk of all available LLR information, As we continue with
our second decade of activity in this experiment, we have continued and will
continue to maintain 2 steady and timely flow of data into the general
sclentifie community. The present report comprises the documentation to be

used in conjunction with the 1981 October deposit into the NSSDC whieh




contains normal points, filtered observations and unfiltered photon stops for
the months January through June, 1981, Note that data deposits in this series
continue to be made semi-annually in the spring and fall and consist of
6-month blocks of data which end three months before the deposit date, i.e.,

January-June or July-December.

A microfiche copy of the January-dJune, 1981 MeDonald Observatory LLR data
set has been included at the back of this report. Alse, the interested reader
35 referred to Appendices C and D. Appendix C 1is entitled "Lunar Laser
Calibration Data": Appendix D is entitled "McDonald Lunar Laser Operations
Log". Both of these appendices include information in a format similar to
that which had been included in the tri-annual reports issued Dy E. C.
Silverberg under NASA Grant NGR B4.012-165. With the demise of that grant and
because of the different report requirements of the present McDonald
Observatory Laser Operations Contract, this type of information is presently

being included in our semi-annual N3SDC LLR data deposits.

A detailed overview of the equipment used to acquire the data described
in this document has been provided by E, Silverberg (1974) and the precise
role played by telescope mirror geometry and its effect upon the proper
reduction of the data is discussed by Shelus et al (1975). New, definitive
geometric calibration information for the entire McDonald 2.7m LLR data set
can be found in Appendix A of this document, The interested uéer is also
directed to papers by Mulholland (1980a, 1980b) and by Ferrari et al (1980)
for current information and a near-exhaustive bibliography regarding most
phases of the LLR experiment. Finally, a summary of the statistics concerning
the first ten years of McDonald Observatory LLR operations has been compiled

by Shelus (1980) and can be obtained from the author upon reguest.
I1. Observational Statisties

The 119 McDonald Observatory LLR normal points contained in this data
deposit represent some 957 individual photon returns from the moon. The

distribution of the data with respect to month and to reflector is presented
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Jan I 1 9 I 1 7 I & 38 I ¢ oI 7 54
I I I I I

Feb I 4 3w I 5 42 1 17 179 1 0 0 I 26 255
I _ I I I I

Mar T 2 7 I 2 W I 15 133 I o0 0 I 19 164
I I I I I

Apr I 3 20 I 6 47 I 15 132 I 3 26 I 27 225
I I I I I

May 1 4 19 1 4 19 I 19 109 I 2 10 I 29 157
I I I T I

Jun I 0 0 I ¢ 0 I N 102 I 0 0 I 1n 102
i — I I I I

TTL I 14 99 1 18 126 1 82 693 I 5 36 I 119 957
I I I I I

Table I, Summary of filtered observations by month and by reflector.




in Table 1, The statisties on the number of photons per normal point can be
found in Figure 1. Figure 2 presents the current normal point distribution
with respect to the classical fundamental arguments of the lunar motion,
Figure 3 gives similar information with respect to the lunar deelination and
the local hour angle, Finally, Figure 4 presents statistics on uncertainty
estimates for this data set. Tt should be noted that the various statistical
information for the present data is essentially identical to earlier deposits

in this series,
ITT. Data Description

The data are contained on three files of 3 binary magnetic tape written
in card-image format, using a CDC Dual Cyber 17G/750. It is written with odd
parity at 8GC bpi., Three types of cards are present, distinguished by an
alphabet character in column Te The letter "Z" designates a "RUN" card,
giving environmentai and operational parameters for a series of shots. Except
for clock epoch offset, these will not customarily be required for application
of the range data, but serve to provide information on the observing
conditions and the state of the equipment, The letter "P" in column
represents a “SHOT" card, containing the result of a single laser firing. The
letter "N" in column 1 represents a "NORMAL POINT" card containing the
information compressed from an entire "RUN", A word of warning is in order to
the unwary user. Some of the specified data may not be available. 1In the

card images, a blank field is a "no information" indicator. Actual null values

————— ey i

Wwill be represented by zero punches, The complete "Z",  MP"_  and "N" card

formats are as follows:




INTEGER ZIN(Z23)

READ(5,1)ZIN
1 FORMAT(A1,I3,11G,18,13,312,A1,2X,13,15,5T3,45,213,214,212)
where ZIN(1) = Card identifier (=7)

(2) = Observatory code* (=711)
(3} = Julian date x 160G
{43 = Clock epoch offset (microseconds)
(5) = Atmospheric temperature (Celsius)
(6) = Humidity (% saturation)
(7) = Wind speed (km/hr)
(8) = Seeing (G.1 are sec)
(9) = Electronic ecalibration accuracy code
(see Appendix A)
(1G) = Energy (G.1 joule)
(11) = Laser Frequency (1G gigahertz)
(12) = Pulse length (10G picoseconds)
(13) = Shot-by-shot resolution (1060 picoseconds)
{(14) = Dark count (kHz)
(15) = Moon count {(kHz)
(16) = Star count (kHz)
(17) = Star identification
(18) = Spectral filter width (G.1 angstrom)
(19) = Spatial filter width (0.1 arc sec)
(20) = Number of shots in run
(21) = Calendar year
(22) = Month
(23) = Day
INTEGER PIN(17)
READ(5,2)PIN

2 FORMAT(A1,13,117,15,12,A1,11,112,15,16,15,3%,15,11,15,14,212)
where: PIN(1) = Card identifier (=P)

(2) = Body identifier (Moon = G11)
(3) = Observation epoch

(4) = Observatory code¥* (=71110)

(5) = Reflector code*

(6) = Observation type (sL)

(7) = Epoch time base®

(8) = Observed time delay (160 psec)
(9) = Uncertainty estimate (100 psec)
(10) = Electronic delay (106G psec)
{11) = Geometric delay (10C psec)

(12} = Frequenecy offset (parts in 10%¥11),

subtract effeet from range

(13) = Delay time base¥*

(14) = Atmospheric pressure (0.1 mb)
(15) = Calendar year
{(16) = Month
(17) = Day

(*) For additional explanation see also Mulholland (1972).
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Figure 2: Histograms of the 1981.0 - 1981,5 observation distributions with
respect to the phase of each of the fundamental arguments of the
lunar motion. The sampling interval is 20°,
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INTEGER NIN(18)
READ(5, 3)NIN
3 FORHAT(A1,I3,IT?,I5.I2.A1.I1,I12,15.I6.I5.I3,I5,I1,15,IH,2I2)
where: NIN(1) = Card identifier (=N}
(i) = PIN(I) for 1=2,3,. . .,11 (see P-card above)
{12) = Number of photon stops in normal point
(J) = PIN(J-1) for J=13,14,. . .,18 (see P-card above)

H B H N

For illustrative purposes and in order to define terminology to be used
later we shall herein cite our treatment of MeDonald Observatory lunar laser
ranging data. Due to the fact that the McDonald Observatory obtains its lunar
laser ranging observations with the 2.7 m telescope atop Mt, Locke, an
instrument which is irn regular and continuous use as s nermal astronomical
telescope, it is necessary that laser runs be scheduled in amongst other
projects on-going through any lunar day. Note that by lunar day we refer to
that period of time when the Moon is above the horizon at a given observatory,

a definition quite analogous to the definition of a3 solar day. Such a

scheduling has resulted in the formation of three laser observing sessions

during the course of a lunar day. These three sessions at McDonald are each
typically u5™ ip length and are held nominally when the Moon is 3h east of,
on, and 3h west of, the meridian. of course day to day weather, equipment,
and Scheduling problems result in varying the length of such sessions and the

location of the Moon with respect to the meridian during those sessions,

In the présent format, during an observing session, consecutive laser
firings are first made at the most favorably placed 1lunar surface
retro-reflector until g sufficient number of returns are obtained to produce a
normal point of the desired accuracy, For example, with its present
configuration, the McDonald system can produce data to form a3 normal point
with an aceuracy of 7-10 em with about 15 signal returns. Under good
conditions these returns can be accumulated with 366500 laser firings., Such
consecutive laser firings at the same reflector, to form a single normal
point, are referred to 85 a run., The observing crew will then set up on the

next most favorably placed reflector and repeat the normaiwboiﬁﬁaformation
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process, Ideally an observing session will produce a normal point for each
available lunar retroreflector and then obtain a second normal point of the
most favorably placed reflector to complete the cycle; The nominal us™
observing session is completed by the taking and recording of all relevant

environmental and systemic parameters.

The laser observing process does not result in directly useable range
data, because the detection system cannot diseriminate the source of an
arriving photon; Tt is only the high potential accuracy of the laser system
which permits the isolation of the observation from the noise; This réquires
elaborate computer processing incorporating a statistical filter (see Abbot et
al. 1973). To emphasize the need for normal point development, note that
through the present epoch, we have formed about 3,000 normal points from
McDonald observations alone. Since, on the average, 10-15 photons go into
each normal point we are dealing with in excess of 30,000 individual photons,
Doing rigorous analysis with this sort of data at the individual photon level
would increase computing and analysis costs by a factor of 10 with no

significant increase in information content,

The first data file of this deposit contains the signal photon detections
which have been compressed into normal points by the procedure referred to
above developed at the University of Texas at Austin (Abbot et al, 1973).
Each normal point rep;esents the information content of an entire run. Such a
normal point observation is comprised of a single pair of "Z" and "N" punched

cards.

The second data file contains the photon detections which have been
obtained by a data filtering procedure also developed at the University of
Texas at Austin (Abbot et al, 1973). This process is based on the assumption
of the linearity of (0-C) residuals over a relatively short interval of time
and relies on Poisson statisties for establishing a level of confidence in a
collection identified by the filter, Application of the process results in

the identification of the observations during the subjeet interval. The
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potential user should be aware that the laser cannot be relied upon to produce
a simple pulse shape. There sometimes is a complex and/or biased structure
within the pulse. Therefore, residuals derived from the signal photons are
not necessarily expected to show a Gaussian distribution. The uncertainties
assigned are based on the sum of the 1-sigma pulse-width and the measured
uncertainty 1in calibrating the electronic systenm, Beginning with the
April-May, 1972 lunation, a letter code appears in column 32 (formerly unused)
of the "Z" card image which provides an estimate for the aceuracy of the
electronic calibration correction (see Appendix B). The data comprising an
observation run consists of a single "z" card and several "p" cards (1 per

identified observation).

The third data file contzins the unfiltered photon'stoﬁs. It is most
important that the potential user observe the designation "unfiltered®. By
this, we mean that the real data are heavily interspersed with noise photons
from any of the various sources of stray light. Any attempt to use these data
in a simple Gaussian application would probably result in a solution closely
adhering to the predition ephemeris which was used to control the detector
range gating. Some filtering process needs to be applied to these data before
effective use can be made of them. The unfiltered data may be of direct
utility or interest to those potential users who may wish to replace our
filter criteria with their own. Similar to the shot-by-~-shot information the
data comprising an observation run consists of a single "z" card and several

"p" cards (1 per photomultiplier stop).
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Appendix A

At the present time the geometric calibration constant for the McDonald
Observatory Lunar Laser Ranging Data set is usually applied in two stages by
most LLR data analysts. The first phase is the 117.2 ns or the 160G.4 ns which
is contained on the actual data card image. The second phase is the 12¢.6 ns
wnich was presented by Shelus et al (1975) to account for Lthe 2.7 meter
telescope folded light path. Definitive calibration measurements have
recently been made (Silverberg memo follows). As the Silverberg memo states
"... All laser range measurements should be referred to that range which would
be observed if you used an infinitesimally small instrument placed at the
first non-moving point along the receive bath ... A1l MeDonald data should be

uniformly corrected by the difference between the constants you are using and

these newer values .,.",

For the sake of'consistancy we are continuing to provide the geometrical
calibration constant for the McDonald 2.7 meter system as 166.4 ns and are
making the user responsible for applying the proper correction from the
Silverberg memo. A suggestion to the user is to simply apply a "telescope"
correction of 121.8 ns instead of the 120.6 ns value which is quoted in the
referenced Astronomical Journal paper, i.e.,, Shelus et al (1975). That 1
proper geometrical calibration constant be applied to the McDonald LLR data
set 1s especially important when multi-station and multi-techniqde experiﬁents

are being -attempted,

At this time we also draw attention to paragraph 3 of the Silverberg memo
which presents the measured offsets from the 2.7 meter telescope axis

intersection to the NGS survey marker on the dome floor,




To:
From:

Subject:

THE UNIVERSITY OF TEXAS
McDONALD OBSERVATORY AT MOUNT LOCKE

Robert Lee Moore Huail
Austin, Texas 78712 Date: 26 Feb 1980

MEMORANDUM

All Lunar Range Users, c/o Peter Shelus

E.C. Silverberg

McDonald Calibration Data

With the help of an NGS Field Team we have finally determined defini-
tive calibrations for the McDonald lunar range data. Since 1973 we have
been using a geometrically constant system; but one which was uncertain by
as much as 2-3 nanoseconds in the overall range bias. This uncertainty
has been greatly reduced by our recent work. Additional data has also
been added to relate the 2.7 meter axes to the NGS survey mark on the
telescope pier.

All laser range measurements should be referred to that range which
would be observed if you used an infinitesimally small instrument placed
at the first non-noving point along the receive path. The latter is usu~
ally the intersection of the telescope axes. Thus, a dynamical solution
for station site coordinates will determine the geocentric posicion of a
point on the #4 mirror in the 2,7 meter reflector. The relevant dimensions
are glven on the next page. A raw McDonald range measurement can be cor-
rected to these conditions by subtracting a value equal to K - K' + 70.573
meters or K - X' + 235.4 nanoseconds. (The estimated error is about * 1 cm.)
K and K' are observed shot by shot by the feedback calibration system. 1In
the past we have divided this calibration correction into an electrical
component, ELCOR = K - K' + 13.19 nanosceonds and a geometric component
(including the finite telescope size) of GEOC = 222,72 nanoseconds (66.621
meters) but the division is somewhat arbitrary. All McDonald data should
be uniformly corrected by the difference between the constants you are
using and these newer values. (We have always been certain of the relative
biases of the various older systems, so any implied change in the last
Setup pertains to the entire eleven years.) §

In addition to determining the system calibration constants we have
dccurately determined the offset of the 2.7 meter axes from the NGS survey
mark on the dome floor. The survey marker is 5.304 meters down, .739
meters north and 0,143 meters east from the 2.7 meter calibration point,

Barring any further discoveries, this should be the last calibration
work on the 2,7 meter System. I trust these calculations will lay this
area to rest prior to abandoning the instrument scmetime next year.

= o0 00
;;;;;iz, c{/fgﬁz oy f
Eri¢c C, Silverberg

T
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Relevant Dimensions Used for the Calculations

econdary Mirror 7.513 meters

#3 Mirror = 6.309 meters
#4 Mirror = 3.039 meters
- #6 Mirror = 12,250 meters

PMT along the receive path = 240.875"

the start diode behind #6 = 5"

the feedback beam splitter

receive path = 195.75"
m splitter to PMT along the

path = 45,125"
ELCOR, the difference measured if light hits the start diode

and PMT simultaneously,
= K - XK' (feedback calibration values)
+ 13.19 nanoseconds
GEOC, the correction to the intersection of telescope axes plus

the correction for finite telescope size

= 30.491 meters + 36.130 meters {respectively)
or 222.2 nanoseconds
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Appendix B

Code for the accuracy of the McDonald Observatory electronic calibration

correct ion:
A - better than (+/-)20C picoseconds
B - (+/=)260 to (+/-)40GC picoseconds
C - {+/-)4G0 to (+/-)60C picoseconds
D = (+/-)6GC to (+/=)1000 picoseconds
E - (+/-)1.0 to (+/-)1.5 nanoseconds
F - (+/-Y1.5 to (+/-)2.0 nanoseconds
G - (+/-32.0 to {(+/-)4,0 nanoseconds
H - worse than (+/-)4,C nanoseconds

These calibration codes were established by E. C. Silverberg.




Appendix C

The Lunar Laser Calibration Data

from

1 January 1981 to 30 June 1981
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EXPLANATION OF THE CALIBRATION DATA

owing pages contain the calibration constants for the six

lunations covered by the present report. Fertinent information concern-

ing the photodetectors and related timing discriminators is presented

above the col

A (pulser):

umnar data. The columnar categories are explained below.

This column contains the uncorrected calibration constant
for the entire lunar ranging system as measured by an elec~
tronic start and a light emitting diode-PMT stop of the
TDC-100 timer. Due to differing cable lengths of the start
and stop paths in the system, this number is not the mag-
nitude of the actual system calibration value. It is,
however, a measure of the relative shift in the calibration

value on a day-to-day basis. The units are nanoseconds.

B (laser pulse): This column shows the single shot uncertainty as keyad

C (feedback):

to the following code: (all values are in nanoseconds)

A= 30.4, B = 0.5, C = *0.6, D = £0.7, E = £0.8, F = 1.0,
G=121.2, H=$1,4, 1= 1.7, J =420, K=42.4, L = 2.9,
M= $3.5, N = #4.2, The absence of a letter will indicate

the single shot uncertainty of J.

This column gives the arithmetic mean in nanoseconds of the
"feedback calibration returns" through the entire ranging
system as recorded by the system teletype during actual
ranging. A "feedback calibration return" is produced by a
start-diode start and a PMT stop of the TDC-100 timer. The
uncertainty gives the standard deviation of data points

within 5 nsec of the mean.
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D (ELCOR): This column shows the value of ELCOR which has been deter-

NOTE:

mined by subtracting the nominal value of k' (15.3 nsec)

and adding 13.9 uanoseconds (geometrical delay) to the
average in column C. The units are tenths-of ~nanoseconds.
The minus sign was added to coincide with how this additive
constant appears on the preliminary data cards. KLetters
following the numerical value indicate the uncertainty in
the determination of ELCOR based on the feedback uncertainty

according to the cede (all values are in picoseconds):

+200

< 400
< +600
+600 < D £ *1000
+1500.

+
(%]
e
o
I~
W A
S

i

1+
—
[ae]
f
[an]
A
o]

Ih~

It should be remembered that ELCOR values, as given by these
publicatibns, are preliminary estimates determined at the
ranging site using simple algorithms. As of March 1976, the
final calibration constants, incorporating formal derivatioms
of the calculation uncertainties, have been determined by the

data reduction group in Austin, headed by P: Shelus.
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SYSTEM CALIBRATION DATA
January 1981

PMT type: 30034
PMI' voltage: 1630V
PMT gain: (Ortec 454) course: 5, fine: 2.
Differentiate time constant: § ranoseconds.
Integrate time constant: out nanoseconds.
PMT discriminator: (Ortec 453) lower level disc.: 2.5, .
fraction: 0.5.
Start Diode discriminator: (Ortec 453) 1.1.disc.: 9.0,
fraction: 0.4.
UTC A B C D
(pulser) (laser pulse) {feedback) (ELCOR)
012 50.2 -~ ddede.
013 50.5 - mmiemee L
014 53,2 --  mmemecee. L -
015 53.5 I 75.7+0,16 -7428
016 - - eeTel.. T
017 52.0 - e L
018 ———- = mmecme—ee
019 - = mmemee .
020 54.2 = mmmmecmem el
021 53.4 H 76.1+0.14 -746A
022 52.8 -- . Tmeee L.
023 54.0 I 75.6+0,10 -741A
024 53.4 - —eTeae. L
025 §3.3 = mmmmeeee el
026 53.2 = miiecmae o
027 55.1 = e L
028 54.0 H 75.4+0.10 ~-739A
029 52.8 -- ——ee T .
030 51.5 -- e ———as
031 53.3 == dmmeeaoo




MT=1600V
MT- 010V

I=1630V
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SYSTEM CALIBRATION DATA

FEBRUARY 1981

PMT type: _31034 .
PMT voltage: 1630 .
PMT gain: (Ortec 454) course: _5, fine: 2.
Differentiate time constant: 5 nanoseconds.
Integrate time constant: out nanoseconds.
PMT discriminator: (Ortec 453) lower level disc.: 2.5, fraction: 0.5,
Start Diode discriminator: (Ortec 453) 1.l.disc.: 9.0, fraction: 0.4.

UTC A B C D
DAY (pulser) (laser pulse) {feedback) (ELCOR)
042 - - - -
043 53.5 - - -
044 52.8 J 75.240.23  -737B
045 53.7 H 75.740.10 -742A
046 53.8 1 75.440.12  -739A
047 53.9 - - -
048 53.3 I 75.140.21  -736B
049 55.3 I 75.8+0.18 -743A
050 - - - -
051 - - - -
052 - - - -
053 54,7 - - -
054 54.6 - - -
055 54.3 1 74.8+0.15 -733A
056 54.1 ) I 75.5+0.11  -740A
057 53.6 - - -
058 53.2 - - -
059 51.7 - - -
060 - - - -

061 - - - -




PMI' type:

PMT voltage:
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SYSTEM CALIBRATION DATA
March 1981

31034

1630

PMI' gain: (Ortec 454) course: 5, fine: 2.

Differentiate time constant: 5 nanoseconds.

Integrate time constant: out nanoseconds.

PMI discriminator: (Ortec 453) lower level disc.: 2.5,

fraction: 0.5.

Start Diede discriminator: (Ortec 453) 1.1.disc.: 9.0,

fraction:f0.4.
UTC A B C . D .

(pulser) {laser pulse) (feedback)  (ELCOR)

070 55.0 == eeemeeaa- -
071 54.4 St mmmeeeees el
072 54.4 T
073 55.0 I 96,1+0.23 -746B
074 —.—- I 76.8+0.20 ~-753B
075 52.6 -- s Teeee el
076 53,6 H 76.2+0.18 ~747A
077 54.2 H 76.1+0.25 -746B
078 54.4 H 76.1%0.17 - 746A
079 54.5 H 76.2+0.21 -746B
080 53.2 -- mmmeteeee e
081 53.2 i T T
082 54.1 H 75.4+0,13 -739A
083 NO LASER RUN DUE TO SUPER NOVA OBSERVATION
087 53.1 == meeeeeian el
088 S -~ emmiilial .
089 53.5° == emeeeeioo Lol
090 —-e I | 75.2+40.18 -737A
091 54.8 I 75.2%0.20 -737B




SYSTEM CALIBRATION DATA

April 1981
PMT type: 31034
PMT voltage: 1630
PMT gain: (Ortec 454) course: 5, fine: 2.

Differentiate time constant: § nanoseconds,

Integrate time constant: out nanoseconds,

PMT' discriminator: (Ortec 453) lower level disc.: 2.5,
fraction: 0.5. :

Start Diode discriminator: (Ortec 453) 1.1.: 5.0,
fraction: 0.4,

UTC A B C D
(pulser) (laser pulse) (feedback) (ELCOR)
098 ,
099 -—-- I 75.6+.18 -741A
100 53.4 -- meeeme-e. L. :
101 53.0 I 75.6+,13 -T41A .
102 54.1 I 75.8+.23 -743B
103 54.0 I 75.9+.24 -744B
104 53.0 -- meeemeee- Ll
105 53.8 it T
106 54.4 R e T
107 53.6 -- .
108 53.5 Tt emmmmeeo L
108 - R et T
110 ———— T e L
111 ---- I 75.4+,27 ~739B
112 54.4 -- e L
113 53.1 T memeeaae L
114 53.3 T meemeeeae L
115 53.5 I 75.6+.11 -741A
116 53.6 I 75.5+,12 -740A
117 . 53.6 I 75.5+,17 -740A
118 53.6 H 76.3%.22 -748B
119 52.8 I 76.1+.16 -746A

120 - : -- smeele-e Ll




PMT: type:

PMI voltage:
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SYSTEM CALIBRATION DATA
May 1981

31034

1630

PMI' gain: (Ortec 454) course: 5, fine: 2.

Differentiate time constant: 5 nanoseconds.

Integrate time constant: out nanoseconds.

PMI' discriminator: (Ortec 453) lower level disc.: 2.5,

fraction: 0.5.

Start Diode discriminator: (Ortec 453) 1.1.disc.: 9.0,

fraction 0.4,
UTC A B C D

(pulser) (laser pulse) (feedback) {ELCCR)

128 54.7 i
129 53.4 i bt T
130 53.3. b T -
131 54.3 e ettt kA
132 52.7 I 75.9+0.11 -744A
133 52.8 I 75.3%0.12 ~738A
134 53.2 I 75.1+0.14 ~736A
135 53.6 I 75.840.14 -743A
136 ~--- J 74.0+0.37 -725B
137 -—-- -- semmeeeee el
138 53.0 I 76.0+0.19 -745A
139 55.1 I 76.2%0.26 -747B
140 54.8 1 75.3%0.18 -738A
141 54.2 -- mmeee-a- ol
142 53.4 I 74.7+0.11 -732A
143 54.4 I 74.8+0,11 ~733A
144 ---- -- e
145 53.5 I 75.1+0.12 -736A .
146 - I 74.7+0.12 -732A
147 52.4 I 74.3+0.13 -728A
148 “e-- I 75.3%0.20 ~738A




SYSTEM CALIBRATION DATA

June 1981
PMT type: 31034
PMT voltagé: 1630
PMT gain: {Ortec 454) course: 5, fine: 2,

Differentiate time constant: & nanoseconds.

Integrate time constant: out nanoseconds.

PMI' discriminator: (Ortec 453) lower level disc.: 2.5,
fraction: 0.5. _
Start Diode discriminator: (Ortec 453) 1.1.disc.: 9.0,
fraction 0.4,

UTC A B C D
(pulser) {laser pulse) (feedback) (ELCOR)
159 m—-- PR D
160 52.2 R et
161 -——- -- R T meaas
162 53.8 H 74.8+0.16 -733A
163 53.9 I 74.9+0.16 -734A
164 53.9 I 75.0ED.14 -735A
165 54,4 -
166 51.2 J 74.6+0.36 -731B
167 53.8 -~ R
168 —m—- o meeeeeeen Ll
169 - e
170 -—-- o eeeeeo L
171 —--- T memeeea oL
172 53.4 Jo e
173 53.0 I 74.9+0.17 -734A
174 53.2 .- T LT
175 52,7 J o -734B
176 53.6 R e T
177 ——-- - el
178 ---- e Rt T




Appendix D

The McDonald Lunar Laser Operations Log

from

1 January 1981 to 30 June 1981
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EXPLANATION OF THE OPERATIONS LOG

The information Presented in the MeDonald Lunar Laser Operations

Log is as follows:

DATE {(column 1): The local calendar date at the start of the dayv's

ranging operation.

LUMAR DAY (column 2): The approximate number of days which have elapsed
since the previous new moon, This estimate comes from the
American Ephemeris and Rautical Almanac: Ephemeris for

Physical Observations of the Moon.

UTC DAY (column 3): The Universal Coordinated Time dav of the calendar
year as read from the McDonald station clock at the begin-

ning of a range attempt,

TIME (column 4}: The UTC hour and minute as read from the station clock

at the beginning of a range attempt.

REFL. NO (column 5): The'lunar reflector site: 0 = Apollo 11, 1 =
Luna 17, 2 = Apollo 14, 3 = Apollo 15, 4 = Lyna 2].

RETURNS/SHOT (column 6): The number of lunar returns divided by the
number of laser shots fired. Returns are as identified by

the laser crew.

SIGNAL LEVEL (column 7):  The number of lunar photoelectrons per laser
shot for the Tange attempt. Double phetoelectrons are

counted as single photoelectron events,

DOUBLES (column 8): The number of returns which were greater than single
photoelectron events. Lunar return doubles are presented
without parenthesis; noige doubles are presented within

parenthesis.

WEATHER (column 9): The general weather conditions at the tipe of the

range attempt,
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SEEING (column 10): The guider's estimate of the general seeing con~

ditions in arcseconds, based on stellar or lunar observa-~
tions.

COMMENTS (column 11): Comments which seem pertinent to the laser crew

at the time of ranging.
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